Abstract-A fiber-optic-based humidity sensor has been fabricated using a fiber Bragg grating (FBG) coated with a moisturesensitive polymer. The sensing concept exploits the inherent characteristics of the FBG and is based on the strain effect induced in the Bragg grating through the swelling of the polymer coating. A direct indication of the humidity level is given by the shift of the Bragg wavelength caused by the expansion of the sensing material. The FBG sensor used in this work has an approximate coating thickness of 33 m and was exposed to different humidity levels at room temperature. The sensitivity of the sensor was estimated to be about 4.5 pm/%RH at a wavelength of 1535 nm, this being obtained through a process of linear regression. The resulting uncertainty in the measurement is 4%RH and the response time of the sensor and the moisture expansion coefficient of polyimide were obtained from a series of experimental investigations and cross compared with the results of previous work.
I. INTRODUCTION
H UMIDITY sensing has widespread applications in many areas [1] , [2] , such as in the food processing, semiconductor, paper, and pharmaceutical industries, where humidity is monitored and controlled to ensure product quality. The use of humidity sensing is particularly significant in the commercial and domestic sectors, for example in protecting expensive computer and electronic equipment from malfunctioning under extreme humidity conditions and monitoring indoor air quality to ensure human comfort. Relative humidity (RH) is the most widely used quantity as a measure of the amount of water vapor in the environment. It is defined as the ratio of the amount of water vapor present in the atmosphere to the maximum amount that the atmosphere can hold at the existing temperature. Humidity detection implemented by utilizing the fundamental properties of water vapor (known as the primary method) includes the measurement of wet and dry bulb temperature using a psychrometer and the dew point temperature using a chill mirror hygrometer [1] . Secondary methods which monitor changes in material properties such as electrical or physical parameters [3] , can be used in situations where primary methods are unsuitable. Using secondary methods such as electronic (capacitive/resistive) and optically based techniques, miniaturized humidity sensors can be implemented. Optical approaches to humidity sensing have been reported by several researchers [4] - [9] . These techniques are mainly absorption and colorimetric-based methods, which rely on the reaction of moisture-sensitive chemical reagents immobilized in a suitable support matrix. A well-known chemical used for such an application uses the cobalt chloride salt, which changes color from blue to pink, depending on the degree of hydration [9] . Such techniques are often implemented together with fiber-optic technology to harness the advantages offered by optical fibers. These advantages include ease of miniaturization, operation in a harsh environment, immunity to electromagnetic interference, ease of installation and facility for remote sensing. However, the main drawbacks for colorimetric based sensors [10] are their susceptibility to contamination, the presence of background interference, irreversible chemical reactions and a limited shelf life.
Fiber Bragg gratings (FBGs) are used extensively in the telecommunications industry [11] , [12] . An FBG behaves like a spectral filter which has inherent characteristics that render it very sensitive to strain and temperature. Applications of FBGs are also gaining widespread popularity in the sensing field [13] - [15] , particularly in civil engineering situations for structural health monitoring and in chemical sensing using suitable materials, which react with the target chemical species to induce changes that will alter the filter characteristics. This concept has been successfully implemented in hydrogen gas sensing using a palladium-coated FBG by Sutapun et al. [16] and in salinity measurements using hydrogels by Cong et al. [17] . FBG sensors possess all the familiar advantages of fiber-optic sensors [18] . In addition to that, the signals are wavelength encoded which makes detection relatively easy and allows multiplexing on a single fiber.
In this paper, the use of a FBG together with a moisture sensitive polymer coating is implemented for humidity sensing, taking note of previous recent work using the Bragg grating concept and developing further from it [19] - [21] . The sensing principle is also based on the strain effect induced in the FBG through the swelling of the polymer coating caused by the absorption of the moisture. The expansion of the polymer coating causes the FBG to stretch, thus changing its optical filter characteristic. This effect could, therefore, be used to establish the relationship between the filter characteristics and the humidity level. Recent work by Laylor et al. [19] presented some promising results, but data on the composition of the coating(s) used were not given, neither were the coating thickness nor the response 1530-437X/$20.00 © 2005 IEEE time of the probe under circumstances other than for one specific test in soil. The work of several Swiss researchers has been discussed in recent two papers [20] , [21] and the results obtained from a preliminary investigation herein are presented and cross compared with data extracted from the literature, as considered later.
II. BACKGROUND THEORY
A FBG is formed by photoinduced refractive index modulation in the core of a single mode fiber. The structure formed within the fiber behaves like a notch filter, which reflects the light signal at a wavelength termed the Bragg wavelength ( ) that satisfies the Bragg condition. The value of the Bragg wavelength is dependent on the effective refractive index ( ) of the optical fiber and the grating pitch ( ) of the FBG and is given by (1) where both the refractive index and the grating pitch can be affected by strain and temperature. As such, FBGs are very popular in temperature and strain sensing applications [11] - [14] . The shift in Bragg wavelength due to the change in strain or thermal effect is given by (2) where is the photoelastic constant of the fiber (typical value for silica fiber is 0.22 [13] ), is the strain induced on the fiber, is the fiber thermal-expansion coefficient, and is the fiber-thermooptic coefficient. The first term of (2) represents the longitudinal strain effect on the FBG and the second term represents the thermal effect, which comprises a convolution of thermal expansion of the material and the thermal-optic effect. In order to apply the above equation in this sensor approach, a slight modification is required to consider the strain effect induced in the FBG by the swelling of the moisture sensitive polymer. The shift in the Bragg wavelength for the polymer-coated FBG is given by (3a) where and are the moisture expansion coefficient and the thermal expansion coefficient of the coated FBG. The equation can be further simplified to (3b) Equation (3b) relates the shift in the Bragg wavelength to three main components, the strain effect induced on the FBG due to moisture and to the thermal expansion ( and ) and the thermooptic effect.
III. EXPERIMENT

A. Moisture Sensitive Polymer
Polyimide is a material widely used in many industries such as the electronic, aerospace and automotive sectors, in a range of different application [22] . Due to its excellent properties that include high thermal and chemical stability, low dielectric constant and good mechanical strength, it is often used as an insulating layer material for electric motors, in aircraft parts and in wire/optical fiber cables or as a material for the fabrication of mechanical parts such as the chassis, brackets and struts. Its water absorption properties, however, are limited when compared to other moisture sensitive polymers. Nevertheless, polyimide has been commonly used as the sensing material in the capacitive-based miniaturized humidity sensor, which works on the basis of a dielectric constant change due to water absorption. Gerlach and Sager [23] proposed a novel concept for miniaturized RH sensors based on the swelling of the polyimide film coated on a silicon membrane. As the material is hygroscopic, absorption of water molecules causes the volume to expand. This deformation allows the bending stress induced on the film to be monitored using a piezoresistive Wheatstone bridge, thus giving information on the humidity level.
Further investigation of this effect has been carried out by Sager et al. [24] in order to understand the humidity-dependent mechanical properties of the polyimide film. In that work, a special method was developed to determine the moisture expansion coefficient of a commercial grade polyimide material, using an X-ray curvature measuring technique. From the investigation, the volume expansion was found to be reproducible and to vary linearly with humidity. A fast transient response after a humidity change was also observed. These are positive indications for the use of the material in the sensor system proposed. Kronenberg et al. [21] reported the use of polyimide for an FBG-based humidity sensor. In their work, polyimide-coated FBGs with different coating thickness were tested to determine the humidity and temperature response of the sensor, and again a linear and reversible response to both parameters was reported. It was observed that the sensitivities display a linear behavior with increasing coating thickness. However, this behavior deviates from linearity when a high ratio of coating to fiber crosssection area was used. In addition to these investigations, a finite element model was also developed by the authors to estimate the thermal and moisture expansion coefficients of the material.
B. Sensor Fabrication
All the gratings used in this work as the basis of the sensor were fabricated, in house, using B/Ge codoped photosensitive fiber (Fibercore, Ltd., PS1250/1500). Gratings were written into the single mode fiber with a cladding diameter of 125 m, using a phase mask (Period: 1060 nm) and a KrF excimer laser emitting UV radiation at 248 nm. FBG samples were dip-coated with commercial grade polyimide solution (HD MicroSystems, Pyralin PI 2525) to form the sensing element. A number of experiments were performed to determine the optimum conditions for the dip-coating process, to ensure that a uniform film, of thickness adequate to produce a satisfactory humidity response, was deposited on the FBG. As the solution used was very viscous (60 poise), the fiber sample was drawn from the solution at a very slow speed (13 mm/min) using a stepper motor, to ensure both a smooth coating layer and to prevent droplets from forming on the fiber. Since the thickness of the coating has direct effect on the performance of the sensor [21] , multiple dip coating was used to control the desired thickness of the polyimide layer on the FBG. A short thermal treatment at 150 C was given after each dip coating for stabilization and samples were given a final curing in an oven at 180 C for about 1 h to expel the solvent from the coating layer.
Preliminary tests on the samples showed that the shift in the Bragg wavelength observed from identical samples exposed to the same humidity regime was not consistent. Possible explanations for this observation could be the incomplete adhesion between the silica surface and the polyimide layer due to the weak physical bonding at the interface between the fiber and the coating. To eliminate the problem observed from these preliminary tests, a silane coupling agent was used to enhance the adhesion between the silica surface and the polyimide layer by creating chemical bonds at the interface.
C. Improved Treatment of the Fiber
The FBG was first treated with 3-aminopropyltriethoxysilane (3-APTS) solution (0.1%) diluted with deionized water before being coated with polyimide solution in order to fabricate the sensing element. Fig. 1 shows the process schematically. The silane coupling agent, which is a multifunctional molecule, attaches itself to the optical fiber by reacting with the hydroxyl group on the silica surface at one end and reacts with the polymer at the other. Thermal shrinkage of the polyimide layer was observed during the curing process, which induces a compression force on the FBG and causes the Bragg wavelength to shift to a shorter wavelength, thus providing a very effective basis of the sensor scheme.
D. System Setup
The experimental setup used for the initial investigation to characterize the humidity response of the sensor is shown in Fig. 2 . A broadband light source (Opto-Link Cooperation, Ltd., OLS15 CSF) was connected to the FBG sensor using a 2 1 single mode coupler (Optowaves, SMC-12-155-P-09-1-FC/UPC-50/50). The reflected signal from the sensor was monitored using an optical spectrum analyzer (Agilent 86 140A) with a resolution bandwidth of 0.1 nm.
Initial experiments were carried out using a fiber sensor with a coating thickness of 33 m. This value was determined using a microscope, which yields an uncertainty of m in the measurement. To provide a simple test of the system, the sensor was inserted into an airtight enclosure, which contains a saturated chemical salt solution [25] to generate a range of different humidity conditions. The main limitation of using a saturated salt solution for humidity generation is the lack of humidity control during the experiments; nevertheless, this method is adequate for use in these preliminary investigations. A commercial hygrometer was used to provide approximate RH readings (to RH) in the enclosure and a mini fan was installed to allow the humidity condition to reach equilibrium in a short time. All experiments performed in this work were carried out at room temperature. Sufficient time was given to allow the test environment to stabilize before the readings of the wavelength from the optical spectrum analyzer were recorded.
IV. RESULTS AND DISCUSSION
The results obtained from a series of tests of the sensor system are shown in Fig. 3 . The data show the behavior of the FBG spectral characteristics when the sensor system was exposed to different humidity conditions at room temperature. From the diagram, the Bragg wavelength shift was observed as the humidity in the test environment was varied from 22%RH to 97%RH. As the humidity level increases, the wavelength was found to shift toward the longer wavelength, which is consistent with the elongation of the FBG caused by the expansion of the polymer coating. This humidity change yields a wavelength span of approximately 0.35 nm.The sensor was further subjected to a series of similar tests and the uncertainty of the wavelength measurement was within nm (on the optical spectrum analyzer). Fig. 4 shows a plot of Bragg wavelength shift against the humidity level. A linear regression was performed to establish the relationship between the wavelength shift due to the material expansion and the humidity level in the test enclosure. The trend line fitted to the data points reveals a linear relationship between the two parameters and this conforms well to the observations made by Kronenberg et al. [21] and Sager et al. [24] , where the volume expansion of polyimide film varies linearly with humidity. The sensitivity of the device was estimated to be 4.5 pm/%RH at 1535 nm, which corresponds to 2.9 RH while in the work reported by Kronenberg et al. [21] , a sensitivity of 2.2 RH was observed for a coating thickness of m. In spite of the similarity of the coating materials and thickness, the difference between the two values most likely would have resulted from the different fabrication techniques used to construct the sensing element.
The response time of the system was evaluated by inserting the sensor from ambient condition at 34%RH into the humidity enclosure saturated at 75%RH. The plot of the Bragg wavelength shift as a function of time is shown in Fig. 5 . The response time was measured when the sensor was exposed to this step humidity change of RH at 29 C. The time taken for the reading to stabilize at 75%RH was found to be approximately 25 min, whereas the time required for the reading to move from 75%RH to ambient condition (at 36%RH) was approximately 40 min. In Fig. 6 , the response time of the sensor was plotted and was compared against the data extracted from the diagrams published in the literature [20] . In the work reported by Giaccari et al. [20] , a polyimide-coated FBG sensor with a coating thickness of 18.5 m was subjected to a humidity range of 10%RH to 90%RH, in steps of 20%RH. The response time for the humidity change from 30%RH to 50%RH at 28 C was reconstructed from the published data and compared with the response obtained from the sensor in this work herein. In order to draw a closer comparison, the sensor used in this work was subjected to RH change by inserting the sensor into the humidity enclosure saturated at 52%RH at 27 C. It was observed that the response time of the sensor developed in this work in spite of having a thicker polymer coating, when subjected to two separate step changes of 41%RH and 16%RH was found to be faster than that reported by Giaccari [20] . The results obtained yield slopes for the normalized response rates [from Fig. 6(ii) ], which are 0.19 and 0. 15 (for 41%RH and 16%RH step change obtained in this work) and 0.06 (for 20%RH step change reported by Giaccari et al. [20] ), showing clearly the fast response of the probe, which has been developed for this work. The resolution of the device, estimated from the increment of the wavelength measurement was 2%RH, and the overall uncertainty in the measurement carried out was RH. Higher resolution can be achieved by using techniques such as those suggested by Kersey et al. [14] , techniques which include the use of Fabry-Perot filter allow resolution in the order of 0.001 nm to be achieved. This could be applied in future work, but requires a high level of temperature stability than was available for the preliminary work.
The data for strain induced on the FBG through the expansion due to the moist environment leads to the creation of an analytical expression relating the strain to humidity. The polymercoated FBG is modeled as a composite bar consisting of two materials which are tightly bonded together. When the bar is subjected to a humidity change, the resultant of the extension and compression force developed on the two materials, each with different expansion coefficients causes the bar to expand. The additional strain acting on the FBG due to the moisture expansion of the polymer coating, therefore, can be given by [26] (4) where and are the cross-sectional areas of the polymer and fiber ( polymer and fiber), and are the Young's modulus of the materials, and and are the moisture expansion coefficients of the materials.
The moisture expansion coefficient of the polyimide, therefore, can be determined from the observed sensitivity of the device and the equation shown above. Based on the results obtained from this work, the moisture expansion coefficient can be deduced to be ppm RH. Comparative data from the literature are difficult to determine but the closest comparison can be drawn from the results published by Sager et al. [24] . The value of the moisture expansion coefficient, which represents only the lateral component of the volume expansion, was obtained using a commercial grade polyimide. The value was found to be in the range between 60-80 ppm/%RH and was dependent on the curing temperature. For the same material, the moisture expansion coefficient of the polyimide obtained at a curing temperature of 180 C and curing time of 30 min was reported to be approximately 63 ppm/%RH. This value is about two third of that obtained in this work herein with a curing temperature at 180 C and curing time of 60 min, with short thermal treatment at 150 C for 5 min for each dip coating. Given the differing preparation conditions, the complexity of the swelling characteristic of the polyimide and the dependency on the material type and the process conditions, the agreement between the two values is quite satisfactory.
V. CONCLUSION
In this work, the use of a chemically cross-linked polyimide material as the sensing material for an FBG-based humidity sensor has been clearly demonstrated. The results obtained from this investigation show the potential of an FBG-based sensor using this scheme for effective humidity sensing. The sensor was tested using a humidity-controlled enclosure and cross compared with the output of a commercial electronic humidity sensor. As the sensor was subjected to various humidity conditions, a red shift effect in the Bragg characteristic was observed with increasing humidity. A linear relationship between the shift in the Bragg wavelength and the strain induced on the FBG through the swelling of the polymer coating was established.
The experiments were carried out at room temperature and the response of the sensor is known to vary with temperature.
The results are particularly encouraging in terms of the response time of the probe developed, in spite of a thicker coating than for research previously reported in the literature, where data are available [19] - [21] . Work is continuing to develop a temperature-compensated sensor incorporating either an FBG or the fluorescence techniques successfully used by some of the authors in previous work [27] , [28] . Additionally, work to optimize the sensor configuration and investigate any cross sensitivity is on going. Due to the nature of the experimental setup, the study carried out only enabled an analysis of the strain effect due to the moisture absorption.
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